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element method (FEM) and theoretical approach. The inﬂuences of the nano-ﬁlm’s adhesion length,
thickness, elastic modulus, roughness and peeling angle on the peeling force were considered as well
as the effect of the viscoelastic behavior. It has been found that the effective adhesion length, at which
the peeling force attained maximum, was much smaller than the real length of nano-ﬁlms; and the shear
force dominated in the case of smaller peeling angles, whereas, the normal force dominated at larger
peeling angles. The total peeling force decreased with an increasing peeling angle. Two limiting values
of the peeling-off force can be found in the viscoelastic model, which corresponds to the smaller and lar-
ger loading rate cases. The effects of nano-ﬁlm thickness and Young’s modulus on peeling behaviors were
also discussed. The results obtained are helpful for understanding the micro-adhesion mechanisms of
biological systems, such as geckos.
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In the 4th century B.C., Aristotle observed the ability of geckos
to ‘‘run up and down a tree in any way, even with the head down-
wards” (Autumn et al., 2002). However, only till recently, the
micro-structures of geckos’ adhesive systems and the adhesion
principle were observed and discovered using advanced experi-
mental instruments. One toe of geckos includes several lamellas
which contain millions of setae. Each seta is about 30–130 lm
long, 4.2 lm in diameter, and it further branches into hundreds
of spatula pads through several stalks. Each pad is about 200 nm
in length and width, and 5 nm in thickness. The special climbing
ability of geckos is due to the van der Waals forces (Autumn
et al., 2000, 2002) and possible capillary force (Huber et al.,
2005a; Sun et al., 2005) between substrate and the hierarchical
adhesive system, as shown in Fig. 1. Such a nanometer scale adhe-
sive system insures intimate contact with any rough surfaces such
that the accumulating molecular forces could support gecko’s body
weight.
Many adhesive contact mechanics models (for examples, Arzt
et al., 2003; Gao et al., 2003, 2005; Hui et al., 2004; Gao and Yao,
2004; Gao et al., 2005; Glassmaker et al., 2005; Chen et al.,
2008a,b, 2009a,b,c; Greiner et al., 2009; Guo and Fan, 2009) have
been developed in order to explain why geckos’ adhesive systems
possess such a high adhesion strength. Among these studies, it has
been found that the adhesion strength of the contact interface be-ll rights reserved.
: +86 10 82543977.
. Chen).tween a cylindrical ﬁber and a substrate was affected signiﬁcantly
by the size of ﬁbers and there existed a critical size under which
the interfacial adhesion strength is saturated to be the theoretical
one. For example, Gao et al. (2005) modeled spatula as an elastic
pillar ﬁbril adhering on a rigid substrate, and they found that the
uniform stress in contact area reached the theoretical strength as
the radius of the ﬁbril was decreased to a critical value, and that
the failure of contact interface was not due to crack propagation
but rupture at the theoretical strength, which is called ﬂaw toler-
ance (Gao et al., 2003; Gao and Chen, 2005; Chen et al., 2008b).
The adhesion properties of ﬁbrillar structures were compared to
that of a ﬂat surface adhering on a substrate (Hui et al., 2004),
and it was found that the adhesion strength of the ﬁbrillar struc-
ture can be enhanced when the size of a single ﬁbril was below a
critical value. With a self-similar model, Yao and Gao (2006)
showed that the structural hierarchy could enhance adhesion if
each level of the hierarchical structure satisﬁed ﬂaw tolerant
adhesion.
The behavior of reversible adhesion of geckos has also stirred
many interesting works (Persson and Gorb, 2003; Sitti and Fearing,
2003; Gao et al., 2005; Huber et al., 2005b; Autumn et al., 2006;
Tian et al., 2006; Chen and Gao, 2007; Kim and Bhushan, 2008;
Zhao et al., 2008), in which contact mechanics model was mainly
used to study the macroscopic reversible mechanism. For example,
Chen and Gao (2007) found that the reversible attachment and
detachment was due to the anisotropic property of bio-adhesive
tissues and the adhesion strength of the contact interface varied
with the orientation of external loading, which has been experi-
mentally veriﬁed by Lee et al. (2008).
Fig. 1. Hierarchical structures of a gecko’s adhesive pad: (a–f) structures shown in order of a decreasing size. (a) Gecko, (b) foot, (c) toe, (d) setal array, (e) spatulae, and (f)
spatula pads. Adopted from Tian et al. (2006).
Fig. 2. Peeling model of an elastic nano-ﬁlm with thickness t and adhesion length L
in contact with a rigid substrate, in which P is the peeling force and h is the peeling
angle.
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of biomimetic adhesion structures, it is necessary and important to
investigate microscopic adhesion behaviors and microscopic
reversible mechanisms. It is known that the real proﬁle of the
smallest element (spatula) in geckos’ pad looks like a nano-ﬁlm
with ﬁnite scales. Experimental observations have shown that
the mechanical behavior of a spatulae is detaching from a substrate
under a peeling force. However, in most of the existing contact
models, the pulling force considered can be very useful for deter-
mining the macroscopic adhesion and reversible mechanisms but
not the microscopic mechanism, which plays a dominant role
when micro-structures and loading patterns of geckos’ nano-
ﬁlm-like spatula are involved. Chen et al. (2009a) used a Kendall’s
peeling model to show that the peeling force of a spatula could var-
ied signiﬁcantly with the peeling angle by modeling the adhesion
behavior of a spatula as an elastic tape adhering on a rigid sub-
strate. Tian et al. (2006) obtained the peeling force as a function
of the peeling angle based on a frictional adhesion model, in which
the mechanism of reversible adhesion was explained by assuming
that the number of spatulae contacting with a substrate is much
larger during attachment than that of detachment. Similar to the
famous Kendall’s model, in these biomimetic peeling models, the
adhesion length of the nano-ﬁlm was assumed to be inﬁnite (Chen
et al., 2009a) or taken from the experimental observations directly
(Tian et al., 2006), and the inﬂuence of adhesion length on the max-
imum peeling force (Peeling-off force) was not considered. In 2007,
Pesika, et al. considered a length term in their peel-zone model, but
they did not focus on how the adhesion length inﬂuenced the
adhesion properties.
In the present study, a peeling model of a nano-ﬁlm in adhesive
contact with a substrate under a peeling force is established, in
which the nano-ﬁlm has a ﬁnite adhesion length similar to geckos’
spatulae. Inﬂuences of the nano-ﬁlms’ adhesion length and peeling
angle on the peeling force are mainly considered numerically and
theoretically. The results obtained from the present study should
be helpful for understanding the micro-adhesion mechanisms of
biological systems.2. Numerical model
As mentioned above, a single spatula of geckos consists of a
shaft and a pad. Each spatula pad looks like a nano-ﬁlm with ﬁnite
scales, i.e., about 200 nm in length and width, and 5 nm in thick-
ness. A plane strain numerical model is established as shown in
Fig. 2, in which a nano-ﬁlm with length L, subjected to an external
peeling force P, contacts adhesively with a rigid substrate. The ﬁlm
thickness is t and the peeling angle is h.
Although the behavior of a spatula was investigated by Chen
et al. (2009a), the spatula pad was taken as a Kendall elastic tape
with inﬁnite adhesion length. Gao and Chen (2005) have shown
that the ﬂaw tolerant interfacial strength can be achieved when
the dimension of a structure was reduced to a critical length. This
ﬁnding should be very useful for the future man-made high-
strength materials and bio-technologies. The question is whether
the length of geckos’ adhesive pads is helpful for realizing ﬂaw tol-
erant adhesion. If the length is larger than the critical value for ﬂaw
tolerance, why do geckos overbuild it? This study will try to an-
swer both questions.
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oped by Dr. Patrick Klein of Sandia National Laboratory (http://
tahoe.ca.sandia.gov). The nano-ﬁlm is assumed to be elastic with
Young’s modulus E=2 GPa. 4-noded plane strain elements modiﬁed
by Simo and Taylor are chosen to devise the model in order to im-
prove the performance of bending and the nearly incompressible
state of deformation. The molecular interaction between the two
contact surfaces is represented by a layer of cohesive elements.
In the following simulations, the length of nano-ﬁlm L is assumed
to be 50 nm.
The constitutive relation of cohesive surface elements was
developed by Tvergaard and Hutchinson (1996). Other cohesive
models (Barenblatt, 1959; Rahulkumar et al., 2000; Rose et al.,
1981; Willis, 1967; Xu and Needleman, 1994) could in principle
also be used to model molecular adhesion. However, the Tverg-
aard–Hutchinson model is chosen in the present study because it
preserves the van der Waals energy regardless of the peeling orien-
tation. Whereas, other cohesive models with various consideration
of tension versus shear dominated separation do not necessarily
preserve the interaction energy (Gao et al., 2005). The thickness
of cohesive surface element is zero initially and the interaction
vanishes, which represents the equilibrium state of competition
between repulsion and attraction of molecular interaction. The
two adhesive surfaces separate each other under a peeling force,
which results in an attraction force, as shown in Fig. 3a and b.
The interfacial interaction potential in Tvergaard–Hutchinson is
deﬁned as
Pðdn; dtÞ ¼ dcn
Z k
0
/ð~kÞd~k ð1Þ
where k denotes dimensionless interfacial separation,
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dn
dcn
 2
þ dt
dct
 2s
ð2Þ
where dn and dt are the normal and tangential displacement compo-
nents of the separating interface, respectively; dcn and d
c
t are the cor-
responding critical values of the displacement components.
Complete separation will happen and the interfacial tractions drop
to zero when k = 1.
The force function / is taken to be tri-linear,
/ðkÞ ¼
r0k k1;= ð0 < k < k1Þ
r0; ðk1 < k1 < k2Þ
r0ð1 kÞ=ð1 k2Þ; ðk2 < k < 1Þ
8><
>: ð3Þ
which is shown schematically in Fig. 3 (c).Fig. 3. Schematic of the cohesive interface and constitutive relation of cohesive element.
cohesive element.The normal and tangential tractions in cohesive zone are given
by
Tn ¼ @
Q
@dn
¼ /ðkÞ
k
dn
dcn
; Tt ¼ @
Q
@dt
¼ /ðkÞ
k
dt
dct
dcn
dct
ð4Þ
The Tvergaard–Hutchinson law takes into account both normal and
tangential tractions with a constant work of adhesion,
C0 ¼ 12r0d
c
n½1 k1 þ k2 ð5Þ
According to Wei (2004), the numerical results, at least the varia-
tion trends of the results are insensitive to the values of k1 and k2,
so the values of k1 and k2 are taken as
k1 ¼ 0:001; k2 ¼ 0:999 ð6Þ
Values of the other material constants are taken from Gao et al.
(2005), in which the ﬂaw tolerant adhesion of geckos’ seta were
discussed.
r0 ¼ 20 MPa; C0 ¼ 0:01 J=m2
dcn ¼ dct ¼ 0:5 nm; E ¼ 2 GPa
(
ð7Þ
One should be noted that the work of adhesion deﬁned in Eq. (5) is a
constant. In fact, it is known that the interfacial fracture toughness,
deﬁned here as the work of adhesion, can have a strong dependence
on the mode of failure through the mode-mixity angle w
= tan1(K2/K1) as (Evans et al., 1990; Thouless and Jensen, 1992;
Hutchinson and Suo, 1992)
CðhÞ ¼ C0=ð1 k sin2 wÞ ð8Þ
where K1 and K2 denote the modes I and II stress intensity factors,
respectively. w depends on the peeling angle h as shown in Chen
et al. (2009a) and k is a parameter ranging from 0 to 1. The work
of adhesion is a constant independent of the mode mixity angle w
when k = 0 and becomes increasingly dependent on w as k increases
toward 1 as discussed in Chen et al. (2009a).
It is found that the effect of mode-mixity can enhance the inter-
facial adhesion strength at low peeling angles, however the results
in the case of a mode-mixity dependent work of adhesion are qual-
itatively similar to that in the case of a constant work of adhesion
(Chen et al., 2009a). In the present adhesive contact model, we as-
sume that the work of adhesion is a constant independent of the
local failure mode.(a) Before separation, (b) adhesive interface separation, (c) constitutive relation of a
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3.1. The effect of adhesion length
The effect of the effective adhesion length of nano-ﬁlms on the
peeling force is investigated in this sub-section. It is a known fact
that there exists a critical size of an elastic cylindrical punch in
adhesive contact with a rigid substrate, below which the adhesion
strength of the contact interface is saturated to be the theoretical
one (Gao et al., 2005). Is there such a phenomenon in the present
model of nano-ﬁlm adhesion?
For a nano-ﬁlm with length 50 nm, Fig. 4 (a) clearly indicates
that, at the moment of peeling-off, the interfacial tractions in part
of the adhesion length are saturated to be the theoretical interfa-
cial strength (we call this part as saturation adhesion length or
effective adhesion length), while those in another part of the adhe-
sion length is smaller than the theoretical one. It is found that the
peeling angle inﬂuences the saturation length of interfacial trac-
tion signiﬁcantly. The saturation adhesion length as well as the
peeling-off force decreases with increasing peeling angle. The peel-
ing-off force under a determined peeling angle will keep a constant
only if the adhesion length is larger than the saturation one.
The saturation adhesion lengths for the case of varying peeling
angle are shown in Fig. 4 (b). One can clearly see that the saturation
adhesion length decreases with an increasing peeling angle. How-
ever, even the longest saturation size is much smaller than the real
length of a spatula pad of 200 nm. For example, the saturation
adhesion lengths are about 25 nm and 7 nm when the peeling an-
gles are 0 and 90, respectively. It is very obvious that the satura-
tion size in the present peeling model is much smaller than the
critical size for ﬂaw tolerant adhesion in a tension model (Gao
et al., 2005). It can be inferred that the whole length of geckos’
spatula, i.e., 200 nm, is not designed to achieve ﬂaw tolerant adhe-
sion under peeling behavior.
Fig. 4 (c) shows the dimensionless peeling-off force as a func-
tion of the adhesion length for different peeling angles. From
Fig. 4(c), one can see that when the ﬁlm length is smaller than
the saturation adhesion length, the cohesive zone length that
essentially bears the peeling force equals to the whole ﬁlm length.
The peeling-off force will increase along with an increasing adhe-
sion length and keeps a constant when the adhesion length attains
the saturation one.
The question is why geckos overbuild the length of a spatula
pad. It is a known fact that surfaces in nature cannot be perfectly
smooth and have different roughness. The area of intimate adhe-
sion will be reduced due to the surface roughness, which will de-
crease the adhesion force. Persson and his collaborators have
done a lot of excellent researches about the effect of roughness
on adhesion (Persson and Gorb, 2003; Persson, 2003). In the pres-
ent study, a very simple adhesion–peeling model will be used to
analyze the combined effect of roughness and effective adhesion
length on peeling-off force in the following section.Fig. 4. (a) Distributions of the total interfacial traction T for nano-ﬁlm along the
adhesive interface for the cases with different peeling angles. (b) Effective adhesion
length Lcr for the cases with various peeling angles h. (c) Dimensionless peeling-off
force as a function of the adhesion length with various peeling angles.3.2. Effect of the peeling angle on adhesion behavior
The effect of the peeling angle on the peeling-off force is shown
in Fig. 5, in which the peeling angle shows signiﬁcant inﬂuences
not only on the peeling-off force but also its normal and tangential
components. When the peeling angle is near a tangential direction
of the contact interface, i.e., 0, the normal component of the peel-
ing-off force vanishes and the tangential component equals to the
total peeling-off force. When the peeling angle is increased, the
normal component of the peeling-off force increases ﬁrst and then
keeps almost a constant when the peeling angle is larger than 30,
which agrees well with the conclusions of a peel-zone model pro-posed by Pesika et al. (2007). The peel-zone model ( Pesika et al.,
2007) is different from the Kendall one by an angle-dependent
multiplier, which takes into account the increase in the length of
the peel zone when the peel angle is reduced. Furthermore, in their
PZ model, Pesika et al. ﬁnd an experimentally determined critical
angle beyond which the shape and dimension of the peeling-zone
remains a constant, thus the normal component of the peeling-off
force also remains constant. The critical angle, as an intrinsic
property of the tape backing, adhesive, and substrate system, is
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1956 Z.L. Peng et al. / International Journal of Solids and Structures 47 (2010) 1952–1960dependent of the tackiness of the adhesive. In other words, the
material constants taken in our present peeling model corresponds
to one kind of adhesives analyzed by Pesika et al. (2007). On the
other hand, when the peeling angle is smaller than 30, the tangen-
tial force is the main contributor for the total peeling-off force. This
result tallies well with the ﬁndings in a frictional adhesion model
proposed by Tian et al. (2006). In a whole, the results should be
helpful for understanding how geckos adhere on vertical walls or
ceilings. A much larger tangential component exists in most cases
may help to explain why geckos tend to spend more time on walls
instead of ceilings.a3.3. Peeling-off force of a two-spatulae structure
Experimental measurements show that each spatula of geckos
supports the peeling-off force by almost equal amount (Huber
et al., 2005a; Hui et al., 2004), which is called equal load sharing
(ELS). ELS is also examined by our peeling model using two identi-
cal nano-ﬁlms, as shown in the inset of Fig. 6, from which one can
see that the shape of the peeling model is non-symmetric. How-
ever, the results presented in Fig. 6 demonstrate that the peel-
ing-off force of the combined asymmetric structure equals
almost two times that of the peeling-off force of a single spatulaFig. 6. The dimensionless peeling-off force Poff/C0 for the combined spatulae
structure to demonstrate equal load sharing under different peeling angles h.for different peeling angle cases. At a ﬁrst glance, it may seem intu-
itive that the results of Fig. 6 are obvious. Actually, one should note
that the combined structure is asymmetric, which causes the
external peeling force asymmetric. For a symmetric ﬁbrillar array
structure, the ELS condition can be satisﬁed only when the adhe-
sion of each ﬁber is ﬂaw tolerant, otherwise, the ﬁbrils near the
periphery of ﬁbrillar structure will detach ﬁrst (Hui et al., 2004).
While in our peeling model, it has been shown in the above sub-
section that ﬂaw tolerance cannot be satisﬁed but the ELS condi-
tion is still met. For a living gecko, it has been demonstrated that
rolling in or rolling out of gecko’s toe can lead to clockwise direc-
tional moment or counter-clockwise directional moment on seta
shaft, which can lead to different peeling angles on spatulae struc-
ture. Through this kind of function, gecko can achieve different
peeling-off force to realize attachment and detachment. During
the reversible adhesion, each spatula has an identical peeling-off
force, at least on a perfect smooth surface.
3.4. Effect of surface roughness on peeling behavior
Natural surfaces, including highly polished surfaces, have
roughness in many different length scales. Surface roughness has
a great inﬂuence on adhesion between solids (Persson and Gorb,
2003). In order to study the effect of the surface roughness on spat-
ula-peeling behavior, we simulate the surface roughness as a weak
adhesion zone or a crack with a ﬁnite size similar to Gao et al.
(2005) as shown in Fig. 7(a), in which the crack length is taken
to be 5, 10, 15, and 20 nm. The effect of cracks with different
lengths, is shown in Fig. 7(b). It is obvious that the peeling-off force
remains constant with increasing crack length. However, experi-
mental observations demonstrate that even a small scale surface
roughness can decrease adhesion severely in the system of an elas-
tic ball adhering on a rough substrate (Briggs and Briscoe, 1977;
Fuller and Tabor, 1975). The real contact area is reduced due to
the surface roughness. In the present peeling model, one can seeb
Fig. 7. (a) A crack model to describe the effect of the surface roughness on the
peeling-off force Poff. (b) The effect of crack length on the dimensionless peeling-off
force Poff/C0 at a peeling angle of 30.
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adhesive length as shown in Fig. 4(c). If the ﬁlm length is not less
than the effective adhesion length (saturation length), the peeling-
off force will keep the maximum (platform value in Fig. 4(c)) and
be insensitive to the crack length. Otherwise, the peeling-off force
can be found in the initial increasing phase in Fig. 4(c). As for a
more interesting model to consider a periodic array of weak zones
within the adhesion region, Chen et al. (2008a) has used such a
kind model and shown that the critical peeling force is almost a
constant in explaining ssDNA adhering on graphite substrate. From
Chen et al. (2008a), we can infer the peeling-off force should keep a
constant only if the subdivision adhesion length is identical in a
periodic crack model for the present problem. The value of the
peeling-off force also corresponds to the subdivision adhesion
length as shown in Fig. 4(c) if it is not larger than the saturation
length. Otherwise, the peeling-off force will achieve the maximum.
Although the model to simulate the effect of surface roughness
is very simple, the results can still reveal qualitatively that the
peeling-off force is independent of the crack length only if the
crack length is not larger than the difference of the entire adhesion
length and the effective length found in Section 3.1. This result may
help to partly explain why geckos overbuild the length of a spatula
(about 200 nm). The overbuilt length can be used to adapt to sur-
faces with different roughness. For the case of larger surface rough-
ness, nano-ﬁlms may adopt the real shape of the surface roughness
to increase adhesion area (Persson and Gorb, 2003).
3.5. Effects of Young’s modulus and thickness of nano-ﬁlms
In recent years, peeling tests become popular because they are
the convenient and simple way to measure interfacial strength or
adhesion. The mechanical behavior of gecko’s spatula is similar
to a nano-ﬁlm adhering on a substrate. It should be useful to
understand the effect of Young’s modulus and the thickness of
nano-ﬁlms on peeling actions.
Fig. 8(a) and (b) present the effects of the thickness and Young’s
modulus of nano-ﬁlms, respectively, on interfacial tractions with
peeling angle equals to 30. It is found that the thickness and
Young’s modulus signiﬁcantly inﬂuence the effective length of
interfacial traction distribution as well as the saturation length,
at which the interfacial traction attains the theoretical interfacial
strength. Both the effective adhesion length and the saturation
length increase with increasing thickness and Young’s modulus
of nano-ﬁlms. It is a known fact that the bending and axial stiffness
of nano-ﬁlms increase with increasing thickness and Young’s mod-
ulus such that a greater part of the applied force is transferred to
the ﬁlm away from the loaded end. The results obtained agree well
with those found for micro- and macro-scale ﬁlms (De Lorenzis
and Zavarise, 2008; Yuan et al., 2007). However, these results can
only be applied to a perfect contact between a thin ﬁlm and a
smooth substrate. For the case of rough substrate, this conclusion
may not be reasonable. For a thicker ﬁlm to contact intimately with
a rough substrate, it needs a lot of ﬁlm-bending energy. In this
case, an effective interface energy Ceff should be deﬁned to replace
the surface energy C0 of a smooth surface as in Persson (2003) and
Persson and Gorb (2003). The effective interface energy can be
written
Ceff ¼ C0  Uel ð9Þ
where Uel is the elastic energy in order to make atomic contact at
the interface. From the above equation, it demonstrates that much
elastic energy stored in the ﬁlm can reduce effective interface en-
ergy greatly. If Uel = C0, the effective interface energy Ceff becomes
zero, and the ﬁlm cannot adhere on the substrate. So for the case
with a rough substrate, a thinner ﬁlm can not only makes intimate
contact easily at the interface but increase the effective interfaceenergy due to a small stiffness and less elastic energy stored for
bending. The thin spatula thickness that geckos adopt may also be
an appropriate one so that geckos can achieve intimate contact with
rough surface and attain necessary adhesion force.
As for the details that why geckos possess spatulae with 5 nm
thickness, the issue may be discussed later based on the effective
molecular interaction distance between two surfaces (Israelachvili,
1992; Israelachvili and Tabor, 1972).
3.6. Effect of viscoelastic behavior of the ﬁlm on the peeling-off force
As we know that most of the biological materials are viscoelas-
tic. For simplicity, most literatures have assumed the biomimetic
material to be elastic. Here, in order to analyze the effect of visco-
elastic behavior of the ﬁlm on the peeling force, we adopt an ordin-
ary linear viscoelastic law similar to Chen et al. (2010) to describe
the nano-ﬁlm,
lðtÞ ¼ l1 þ lneq expðt=ssÞ ð10Þ
where l is the shear modulus varying with time t. ss is the relaxa-
tion time of shear modulus. The bulk modulus is always assumed to
be a constant and Poisson’s ratio be 0.25. According to Russell
(1975) and Chen et al. (2010), we take ss = 2 ms. Both the relaxed
shear moduli l1 and lneq are taken as 0.8 GPa, which results in a
varying relaxed Young’s modulus E(t) during the whole relaxation
process with the instantaneous relaxed Young’s modulus 3.43 GPa
Fig. 10. Schematic of the effective peeling-zone.
1958 Z.L. Peng et al. / International Journal of Solids and Structures 47 (2010) 1952–1960and the relaxed Young’s modulus 2 GPa, which is identical to the
Young’s modulus of a gecko’s spatula (Gao et al., 2005). One should
be noted that other viscoelastic laws can also be used to ﬁnd the ef-
fect of visco-elasticity on adhesion.
Fig. 9 shows the dimensionless peeling force as a function of
loading rate at different peeling angles. It is found that the peeling
force varies signiﬁcantly with the loading rate at a small peeling
angle, while it keeps almost a constant with an increasing loading
rate at large peeling angle, for example, 90. For the case with a
determined peeling angle, the peeling force tends to be a limiting
value at a smaller and a larger loading rate, respectively. The two
limiting values of the peeling force at a smaller or larger loading
rate are consistent with the ones in the elastic models with the
instantaneous relaxed Young’s modulus 3.43 GPa and the relaxed
Young’s modulus 2 GPa. From above that geckos tends to attach
on a surface with a small peeling angle and detach at a large peel-
ing angle, it can be inferred that the viscoelastic property of a spat-
ula is more beneﬁcial for gecko to achieve robust attachment and
easy detachment.4. Theoretical analysis
4.1. The effect of adhesion length
There are very few theoretical models that consider the effect
of adhesion length of nano-ﬁlms on the peeling behavior. It can
be found in the numerical simulation section that not the whole
ﬁlm length but an effective adhesion length withstands the
external peeling force. The effective adhesion length can be di-
vided into two parts according to the interfacial tractions, in
which a saturation length is deﬁned according to the saturating
interfacial tractions. In order to predict the saturation length the-
oretically, a simple model is established, as shown in Fig. 10. For
simplicity, the effective adhesion length is assumed to be
approximately identical to the saturation length, which is de-
noted as Lc in Fig. 10. Later, a more realistic model would be
established in our future work. Assuming the geometry of peel-
ing-off part near the substrate as a circular shape with radius
R and arc length LR. p is a peeling force acting at the end of
the nano-ﬁlm.
It is reasonable to assume the molecular interaction between
the nano-ﬁlm and substrate as that described by the Tvergaard–
Hutchinson model, as shown in Fig. 3 (c), in which r0 is a resultant
force that differs from the normal one in the Dugdale model.Fig. 9. Dimensionless peeling-off force as a function of the loading rate for the
viscoelastic nano-ﬁlm case.Before the propagation of peeling-zone, the energy balance
among the strain energy, the work of the peeling force and the
adhesion energy can be expressed as
Z Lc
0
r0dcn
R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2  x2
p
R
dx ¼ 1
2
p  t  ðLR  LcÞ  12 E  e
2  LR  t ð11Þ
where the elastic strain of the nano-ﬁlm is denoted as e = p/E, E is
the Young’s modulus. The arc length is denoted as LR = Rh, where h
is the peeling angle. For the case of small peeling angle, we have
R ¼ dn
1 cos h ð12Þ
where dn is the normal separation of the contact interface. However,
Eq. (12) will be invalid for the case of large peeling angle. Instead,
we approximately compute the radius of the peeling-zone as
R ¼ dn þ t cos h
1 cos h þ t ð13Þ
Eq. (13) agrees approximately with the empirical power-law rela-
tion used by Tian et al. (2006), R = 4215  h1.35 (nm). Due to the
above assumption that the effective adhesion length is represented
by the saturation length, then we have
p  t ¼ r0  Lc ð14Þ
Eqs. (11)–(14) yields the effective adhesion length Lc as
C0 Lc  R2 arcsin
Lc
R
þ 1
2
sin 2 arcsin
Lc
R
   
¼ 1
2
p  t  ðLR  LcÞ  12 E  e
2  LR  t ð15Þ
Table 1 gives the effective adhesion length predicted theoretically
by Eq. (15), which is compared with those obtained by numerical
calculations. From Table 1, one can see that both predictions have
the same variation trend and the same order of magnitude. Some
obvious deviations exist between the numerical and theoretical
predictions. There are several reasons that cause the deviations.
First, in the theoretical model, we have adopted the assumption
that the saturation length represents the effective length. In fact,
the effective length consists of not only the saturation length but
also the part in which the interfacial tractions are less than the the-
oretical interfacial strength. Second, the assumption of circular
shape of the peeling-zone and the bending energy is not includedTable 1
Comparison of the saturation adhesion length predicted by the theoretical model and
the numerical calculation.
Peeling angle (h) 10 20 30 40 50 60 90
LSaturation(Theoretical) (nm) 37 28 19 16 12 10 8
LSaturation (Numerical) (nm) 20 15 13 11 9 8 7
Peeling angle θ (º)
Fig. 11. Comparison of the dimensionless peeling-off force Poff/C0 as a function of
the peeling angle h in the present numerical model and Kendall’s model.
Z.L. Peng et al. / International Journal of Solids and Structures 47 (2010) 1952–1960 1959in the equilibrium of energy balance. Generally speaking, the pres-
ent theoretical model is approximately valid to predict the order of
magnitude of the effective adhesion length, beyond which the
nano-ﬁlm will be peeled off from the rigid substrate.
4.2. Comparison with Kendall’s model
Kendall’s peeling model (Kendall, 1975) is very popular in
studying the mechanical behavior of ﬁlm-substrate interface, in
which it is assumed that the adhesion length of ﬁlm is inﬁnite.
According to Kendall’s model, the peeling force can be expressed
as a function of the peeling angle,
p ¼ 2C0ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 cos hÞ2 þ 2C0Et
q
þ ð1 cos hÞ
ð16Þ
where p is the peeling force, C0 is the fracture energy required per
unit area of the interface. The peeling force as a function of the peel-
ing angle in Kendall’s model and the present numerical simulation
model is shown in Fig. 11, which shows that the variation tendency
of our numerical results is consistent with that predicted by Ken-
dall’s model, though the numerical results of the present model
with ﬁnite adhesion length is generally larger than that predicted
by Kendall’s model at a given peeling angle. The discrepancy may
be due to the employment of different interfacial constitutive rela-
tions. In Kendall’s peeling model, Grifﬁth energy balance criterion is
adopted since the failure of adhesion interface is due to interfacial
crack propagation, while the Tvergaard–Hutchinson cohesive law
is adopted in the present model.
5. Conclusion
A numerical peeling model for nano-ﬁlms with a ﬁnite length in
adhesive contact with a rigid substrate is investigated. It is found
that at a given peeling angle, the peeling-off force remains constant
if the length of the nano-ﬁlm is larger than an effective adhesive
length. Overbuilding of length in geckos’ spatulae may be due to
the need to overcome surface roughness. The tangential compo-
nent of the peeling-off force dominates at smaller peeling angle
and the normal component dominates at larger peeling angle.
The peeling-off force decreases with increasing peeling angle. Fur-
thermore, it is found that the interfacial tractions as well as the
effective adhesion length increase with increasing thickness and
Young’s modulus of nano-ﬁlms. The viscoelastic property of a spat-
ula should be more beneﬁcial for gecko to achieve robust attach-
ment and easy detachment.The saturation length predicted by a corresponding theoretical
model agrees with those calculated by numerical simulations, at
least in the order of the magnitude of the effective length. Compar-
ison with the Kendall’s model and the frictional adhesion model
(Tian et al., 2006) shows a similar trend for the variation of peel-
ing-off force with the peeling angle. In contrast to the PZ model,
the normal component of the peeling-off force in the present paper
almost keeps a constant after a critical peeling angle, which agrees
well with the experimental ﬁndings in Pesika et al. (2007).Acknowledgments
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